A cquired resistance to the intracellular protozoan Leishmania major is dependent on the development of a Th1-type immune response, marked by the induction of CD4 ϩ and CD8 ϩ T cells mediating IFN-␥-dependent macrophage microbicidal activity. In the murine model for cutaneous leishmaniasis, the mechanisms of acquired resistance to L. major have been well documented using genetically resistant C57BL/6 mice, which reproduce the self-cure disease outcome typically seen in humans (1, 2) . Intradermal inoculation of these mice with a biologically appropriate low dose of infectious stage parasites produces an initial prepatent phase of intracellular growth, absent of visible lesions or pathology, followed by lesion development and the accumulation of IFN-␥-producing CD4 ϩ and CD8 ϩ T cells in the lesion (3) (4) (5) . Following resolution of the lesion, a low number of parasites persists indefinitely in the site, and the host is protected against a rechallenge infection at a distal site (3, 5) .
In contrast to the self-limiting infections with L. major observed in C57BL/6 mice, BALB/c mice develop progressive, nonhealing lesions that are associated with an early, sustained, and dominant Th2 response, especially IL-4 (1, 2). Furthermore, ablation of the cells or cytokines involved in normal Th1 development in resistant mice results in Th2 deviation and progressive infection (6 -9) . The Th1/Th2 balance that controls immunity to L. major in these murine models has fostered the main conceptual framework for understanding healing and nonhealing forms of clinical disease. However, it has not been possible to clearly associate a Th2 polarity with nonhealing, systemic, or reactivation forms of leishmaniasis in humans. IFN-␥-producing cells or mRNA remain readily detectable in patients with kala-azar, postkala-azar dermal leishmaniasis, or chronic cutaneous leishmaniasis, and the opposing cytokine most commonly found in these clinical settings is not IL-4, but IL-10 (10 -21). Interestingly, IL-10 has also been found to contribute to BALB/c susceptibility to L. major (22) , although its influence is generally obscured by the Th2 bias that is intrinsic to this mouse strain (23) . In contrast, a role for IL-10 in regulating immunity in resistant mice has been conclusively shown, in this case mediating not susceptibility per se, but the persistence of low numbers of parasites in the skin following clinical cure (4) . Thus, IL-10 Ϫ/Ϫ mice achieve sterile immunity, as do healed C57BL/6 mice treated during the chronic phase with anti-IL-10 receptor Abs. More recently, IL-10-producing naturally occurring CD4 ϩ CD25 ϩ regulatory T cells have been shown to home to L. major lesions, and to be necessary for parasite persistence in healed mice (24) . These cells may fulfill a primarily homeostatic function, preventing excessive pathology mediated by Leishmania-specific Th1 cells in the inflammatory site. Although regulatory and effector T cell subsets appear to function in equilibrium to maintain latency in healed mice, these findings raise the possibility that an imbalance in regulatory cells or cytokines might control nonhealing or systemic disease outcomes.
In the present study, we have analyzed the role of these opposing host factors in the immune response of C57BL/6 mice to a strain of L. major that was isolated from a patient with nonhealing lesions (25) . The lesions persisted for months following multiple courses of treatment, but the patient was found to have a positive skin test and proliferative responses to Leishmania Ags. In the current study, despite the induction of a strong and polarized Th1 response, the parasites are not effectively controlled, and the dermal lesions fail to resolve. We examine the degree of suppression mediated by IL-10 and by CD4 ϩ CD25 ϩ regulatory T cells and argue that these are major contributing factors to the evolution of these nonhealing infections.
Materials and Methods

Mice
C57BL/6 mice were purchased from the Division of Cancer Treatment, National Cancer Institute (Frederick, MD). C57BL/10SgSnAi, C57BL/ 10SgSnAi-[KO]IL-10, and C57BL/6SgSnAi-[KO]IL-4 mice were purchased from Taconic Farms. All mice were maintained in the National Institute of Allergy and Infectious Diseases animal care facility under specific pathogen-free conditions.
Antibodies
For in vivo Ab treatments, mice were given 1.0 mg i.p. injections at the indicated times with anti-CD25 (PC61), anti-IL-10␣R (1B1.3a), or an isotype control (GL113). CD25 depletion was determined by staining cells with Ab clone 7D4, which showed depletion to be Ͼ80% compared with control-treated mice. The following fluorochrome-conjugated Abs for cell surface and intracytoplasmic staining were purchased from BD Pharmingen: PE-anti-CD25 (PC61), FITC-anti-CD25 (clone 7D4), FITC-anti-TCR-␤ (H57-597), PE-Cy5 anti-CD4 (L3T4), PE-Cy5 anti-CD8␣ (53-6.7), and PE anti-IFN-␥ (XMG1.2). The isotype controls used (all from BD Pharmingen) were rat IgG2b (A95-1), rat IgG2a (R35-95), rat IgG1 (R3-34), and hamster IgG group 2 (Ha4/8). For ELISA measurements of cytokines, the following Ab pairs were purchased from eBioscience. IL-4: 11B11, BVD6-24G2; IL-10: JES5-16E3, JES5-2A5; IFN-␥: XMG1.2, R4-6A2.
Parasite preparation and intradermal inoculation
L. major clones V1 (MHOM/IL/80/Friedlin) and Sd (MHOM/SN/74/SD) were cultured in medium 199 with 20% heat-inactivated FCS (Gemini Bio-Products), 100 U/ml penicillin, 100 g/ml streptomycin, 2 mM Lglutamine, 40 mM HEPES, 0.1 mM adenine (in 50 mM HEPES), 5 mg/ml hemin (in 50% triethanolamine), and 1 mg/ml 6-biotin (M199/S). The Sd strain was isolated from a patient who was admitted to the National Institutes of Health for treatment of lesions that persisted following multiple courses of therapy (25) . Infective-stage metacyclic promastigotes of L. major were isolated from stationary cultures (4 -5 days old) by density gradient centrifugation as described previously (26) . Metacyclic promastigotes (1000) were inoculated into the ear dermis using a 30-gauge needle in a volume of ϳ5 l. The development of the lesion was monitored by measuring the diameter of the ear lesion with a direct-reading vernier caliper (Thomas Scientific).
Processing of ear tissue and estimation of parasite load
Parasite titrations were performed as previously described (3). The two sheets of infected ears were separated, deposited in DMEM containing 100 U/ml penicillin, 100 g/ml streptomycin, and 0.2 mg/ml Liberase CI purified enzyme blend (Roche Diagnostic Systems), and incubated for 2 h at 37°C. Sheets were then placed in a grinder and processed in a Medimachine tissue homogenizer (BD Biosciences) for 4 min. Tissue homogenates were then filtered through a 70-m cell strainer (Falcon Products), and aliquots of these were serially diluted in 96-well flat-bottom microtiter plates containing biphasic medium prepared using 50 l of NNN medium containing 30% of defibrinated rabbit blood overlaid with 50 l of M199/S. The number of viable parasites in each sample was determined from the highest dilution at which promastigotes could be grown out after 7 days of incubation at 25°C.
Analysis of intradermal lymphocytes, APC preparation, and cytokine analysis
To characterize leukocytes in the inoculation sites, the ears were collected, and the ventral and dorsal dermal sheets were prepared as described above. For cell surface phenotype, cells were fixed in PBS/2% paraformaldehyde for 15 min at 25°C, washed, and resuspended in staining buffer (PBS with 0.1% BSA and 0.01% NaN 3 ) for phenotypic analysis by flow cytometry. For in vitro restimulation, unfractionated lymph node (LN) 3 cells or dermal cells were incubated with uninfected or amastigote-infected bone marrowderived dendritic cells (BMDCs) as a source of APCs. BMDCs were generated from bone marrow in the presence of GM-CSF as previously described (27) . LN cells (3 ϫ 10 6 ) or dermal cells pooled from six ears were resuspended in RPMI 1640 containing 10% FCS, 10 mM HEPES, 100 U/ml penicillin, and 100 g/ml streptomycin, and 1 ml of the cell suspension was incubated with uninfected or amastigote-infected BMDCs at a ratio of 5:1 in 24-well plates at 37°C in 5% CO 2 for 18 h, with brefeldin A added during the last 5 h. The cells were then fixed and analyzed for surface markers and intracellular IFN-␥. In some experiments, unfractionated LN or dermal cells were incubated for 48 h with BMDCs or amastigote-infected BMDCs, and IFN-␥, IL-10, and IL-4 from culture supernatants were quantitated by ELISA (eBioscience) according to the manufacturer's protocol. The limits of detection for the cytokines were 4 pg/ml for IL-4, 15 pg/ml for IL-10, and 15 pg/ml for IFN-␥.
Immunolabeling and flow cytometry
Before staining, LN or dermal cells were incubated with an anti-FcIIIR/IIR (clone 2.4G2; BD Pharmingen) mAb in PBS containing 0.1% BSA and 0.01% NaN 3 . The staining of surface markers and intracellular cytokines was performed sequentially. The cells were stained first for their surface markers (TCR chain receptor, CD8, or CD4), followed by a permeabilization step and staining with anti-IFN-␥. The lymphocytes were identified by characteristic size (forward light scatter) and granularity (side light scatter), in combination with anti-TCR-␤ chain and anti-CD4 or anti-CD8, or anti-CD25 for surface staining. For each sample, 150,000 events were acquired for analysis. The data were collected and analyzed using CellQuest Pro software and a FACSCalibur flow cytometer (BD Biosciences).
Real-time PCR
For analysis of gene expression, ears were removed and immediately placed in RNAlater stabilization buffer (Qiagen) to prevent degradation. Tissue was then disrupted by placing the ears in mortars containing liquid nitrogen and grinding with a pestle. The disrupted tissue was then homogenized using Qiashredder homogenizers and processed for RNA isolation using the RNeasy minikit (Qiagen), following the manufacturer's protocol, with all samples being treated with a DNase step to remove genomic DNA. Reverse transcription was performed on 500 ng of total RNA from each ear sample using Superscript III First-Strand synthesis system for RT-PCR (Invitrogen Life Technologies). Real-time PCR was performed on an ABI Prism 7900HT sequence detection system (Applied Biosystems) using 10% of the cDNA reaction in a total volume of 20 l of PCR mixture. FAM-MGB-labeled primer/probe sets for IFN-␥, IL-10, IL-13, inducible NO synthase-2 (iNOS-2), and Foxp3 were designed from Applied Biosystems, and VIC-MGB-labeled 18 S rRNA was used as the endogenous control. The relative quantitation of products was determined by the comparative threshold cycle method using the equation 2
Ϫ⌬⌬cT to determine the fold increase in product. Each gene of interest was normalized to the 18 S rRNA endogenous control, and the fold change in expression was displayed as relative to naive controls. Four ears were used for each time point, and each sample was run in triplicate during the PCR.
In vitro killing assay
Peritoneal macrophages from C57BL/6 mice were plated in eight-chamber Lab-Tek Permanox tissue culture slides (Miles Laboratories) at 5 ϫ 10 4 cells/well in a volume of 0.4 ml of RPMI 1640 complete. V1 or Sd tissuederived amastigotes were added to the wells at a ratio of 5:1, and infection was allowed to establish for 72 h at 35°C. At this time, 0.1 g/ml LPS and titrating amounts of recombinant mouse IFN-␥ were added. After an additional 72 h, the slides were fixed for 1 min in anhydrous methanol and stained with Diff-Quick solutions. The numbers of infected and non-infected macrophages and the number of amastigotes were counted. The percentage of killing relative to untreated macrophages was calculated on the basis of the comparison of total amastigotes per 100 macrophages.
Statistical analysis
To determine whether differences were statistically significant, Student's t test was performed, using a two-tailed distribution with unpaired samples.
Results
L. major Sd produces a nonhealing phenotype in C57BL/6 mice
To characterize the host response to the L. major Sd strain that produced nonhealing lesions in a patient, C57BL/6 mice were inoculated with 1000 metacyclic promastigotes, and monitored for lesion development in reference to the L. major V1 strain. As previously described (3), mice infected intradermally with V1 parasites produced lesions that healed spontaneously in 8 -12 wk following inoculation (Fig. 1) . In contrast, when mice were infected with the L. major Sd strain, an initial prepatent phase was followed by the development of lesions that failed to heal. Lesions grew slowly, but progressively larger in diameter, resulting in ulcerations and eventual loss of dermal tissue (Fig. 1) . The lesions did not disseminate to other dermal sites nor was there evidence of visceralization beyond the local draining LN (DLN) (data not shown). Lesions harboring the V1 strain showed a peak in parasite number at ϳ6 wk, which by 10 wk had been 90% cleared from the site, and by 22 wk fewer than 100 parasites remained in the healed lesion. In contrast, lesions harboring the Sd strain had a slow progressive increase in the number of parasites throughout the 22 wk that lesions were monitored.
Priming and recruitment of Th1 cells is not deficient in L. major Sd-infected mice
Because the L. major Sd strain produced a nonhealing phenotype, we investigated the possibility that this L. major substrain induces an aberrant Th2 response in this normally resistant host. As early as 3 wk postinfection, Ag-specific IFN-␥ production was detectable in high levels in the DLN of the Sd-infected mice, at a time when Th1 priming was barely in evidence in the mice infected with V1 (Table I) . IFN-␥ production in the Sd-infected mice was maintained at high levels at 6 and 11 wk, whereas IFN-␥ production peaked at around 6 wk in the V1-infected mice and declined significantly by 11 wk, at a time when the majority of parasites had been eliminated. Importantly, at no time point did the DLN cells from the Sd or V1 mice produce significant amounts of IL-4. In contrast, IL-10 was detected by 3 wk in the Sd mice, with high levels being produced by 6 wk postinfection. Apart from the early time point, IL-10 was secreted in even higher levels by the DLN cells from the V1-infected mice.
The number of CD4 ϩ and CD8 ϩ T cells in the ear dermis was analyzed to determine whether the Sd infection was inhibiting the recruitment of effector cells to the site of infection. Fig. 2 shows the frequency of TCR-␤ ϩ CD4 ϩ and TCR-␤ ϩ CD8 ϩ cells present in the lesions at 3, 6, and 10 wk postinfection, along with the total numbers of these subsets. The recruitment of CD4 ϩ T cells was apparent in both groups by 3 wk, though it was slightly higher in the Sd lesions at 3 and 6 wk, and ϳ2-fold higher at 10 wk, when the V1 dermal lesions were beginning to resolve. Recruitment of CD8 ϩ T cells was generally comparable in both groups at the earlier time points, with a slight decrease of CD8 ϩ cells seen in the Sd infections compared with V1 at 10 wk.
The ability of the lesional CD4 ϩ T cells to secrete cytokines in response to infected DC was measured by intracellular staining and by ELISA. Ag-specific IFN-␥-producing cells were detected in both groups as early as 3 wk, increasing in absolute numbers at wk 6, and maintained at high frequency at 10 wk. Strikingly, the Sd infection contained more than twice the number of Th1 effectors at 10 wk, suggesting the higher parasite load at this time was driving the continued expansion and recruitment of effector cells (Fig. 3) . Cytokines were also measured by ELISA (Table II ). An earlier, more elevated and sustained Ag-specific IFN-␥ response by Sd lesional cells was also noted by ELISA. IL-4-producing cells were not detectable in either group, either by intracellular staining (data not shown), or by ELISA, except for the slightly elevated levels produced by the V1 lesional cells at wk 6 (Table II) . In contrast, substantial amounts of IL-10 were produced by ear lesional cells from both groups by 3 wk, and high levels continued to be produced by the V1 and Sd dermal cells throughout the healing and chronic phase, respectively. Interestingly, the majority of the IL-10 produced by the dermal cells did not require Ag re-stimulation for release. Taken together, these results indicate that there is not a defect in Th1 priming, nor a defect in recruitment of Th1 cells to the site of the infection. The Sd parasites persist and produce nonhealing lesions despite the development of a polarized Th1 response.
To determine whether the Sd strain might persist in the lesion due to an intrinsic resistance to NO-dependent killing by activated macrophages, we performed an in vitro killing assay, in which infected macrophages were activated with LPS and titrated amounts of rIFN-␥, providing both the priming and triggering stimuli needed to generate optimal levels of NO (Fig. 4) . Both strains were efficiently killed when the infected macrophages were activated using 10 ng/ml rIFN-␥, and although a broad dose range defined the LD 50 for each of the strains, the Sd strain did not display a greater resistance to killing at any of the concentrations of rIFN-␥ used. Thus the resistance of the Sd strain to killing in vivo is apt to reflect differences in the activation state of the infected cells in the inflammatory site.
The role of IL-10 and CD4 ϩ CD25 ϩ Treg cells in the development of nonhealing lesions due to L. major Sd
Because the presence of IL-10 has been shown to permit the persistence of L. major in the face of a robust Th1 response in healed mice (4), we considered the possibility that the nonhealing phenotype might be due to a modest shift in the balance between IFN-␥ and IL-10 cytokines, not revealed in the ELISA assays of Ag re-stimulated dermal cells. As IL-10 has been shown to be produced by keratinocytes in dermal lesions (13) , and by Leishmania-infected macrophages in vitro (22, 28) , real-time RT-PCR on RNA extracted directly from the ears was used to better quantitate total IL-10 produced by the different possible sources of IL-10 in the inflammatory site. Compared with V1, the Sd strain activated elevated levels of IFN-␥ mRNA, in agreement with the flow cytometry and ELISA data, but also contained significantly increased message for IL-10 at 11 and 14 wk postinfection (Fig. 5) . The difference seen at these time points, especially at wk 14, is apt to be secondary to the inflammatory conditions associated with active vs healed lesions. No difference was observed at the 6-wk time point, around the time when the clinical outcomes were beginning to diverge. Additionally, IL-13 was measured by real-time PCR to exclude the possible role of this Th2-associated cytokine. At both 6 and 12 wk postinfection, neither group expressed significant IL-13 messages above that detectable in naive ears. The data reinforce the absence of a Th2 immune deviation in the L. major Sd-infected ears. A potential source of IL-10 in the nonhealing lesions is CD4 ϩ CD25 ϩ regulatory T cells. The presence of these cells has been shown to control the persistence of L. major in healed mice (24) , and adoptive transfer of these cells, or their Ag-induced expansion, has been recently shown to reactivate parasite growth and dermal pathology in healed lesions (29) . Thus it was important to determine whether there was an increased frequency of CD24 ϩ CD25 ϩ Treg in the Sd mice. The forkhead/winged helix transcription factor Foxp3 has been shown to be specifically expressed by CD25
ϩ Treg, as well as by CD25 Ϫ T cells with regulatory activity (30, 31) . Compared with V1, the Sd lesions contained a significantly increased level of Foxp3 mRNA at 11 and 14 wk postinfection and a small, though nonsignificant, increase at 6 wk (Fig. 5) . And whereas the number of Foxp3 transcripts remained steady throughout the acute, healing, and latent stages of V1 infection, there was a steady increase during progressive lesion development in the Sd non-cure mice. Flow cytometry analysis to measure the frequency of CD4 ϩ CD25 ϩ and CD4 ϩ CD25 Ϫ T cells in the lesions revealed no major differences between the two infections during the first 11 wk (Fig. 6 ). There was a modest increase in the total number of CD25 ϩ Treg in the Sd lesions at 6 wk, and especially at 11 wk when there was an ϳ3-fold increase compared with V1, consistent with the Foxp3 real-time PCR data.
To determine what role IL-10 may play in prevention of healing, we first took a genetic approach by infecting IL-10 Ϫ/Ϫ mice with either V1 or Sd (Fig. 7) . At 10 wk postinfection, there was a 2-log reduction in L. major Sd parasite burden in the IL-10 Ϫ/Ϫ mice compared with the wild-type B/10 mice (Fig. 7B) . However, sterile cure of the Sd strain was not achieved as was apparent with V1, consistent with previous observations (4) . Despite the reduced parasite load, the Sd lesions in the IL-10 Ϫ/Ϫ mice were larger than in the wild-type mice throughout the course of infection, consistent with a critical role of IL-10 in modulating immune-mediated pathology (Fig. 7A) . In contrast to the IL-10 Ϫ/Ϫ mice, the IL-4
Ϫ/Ϫ mice were found to be equally susceptible to L. major Sd as was wild-type B/6 mice, both in terms of the severity of their nonhealing lesions (not shown) and the failure to effectively reduce the parasite burden during the chronic stage (Fig. 7B) . To determine the effect of a transient block in IL-10 signaling, mice were treated with anti-IL-10␣R Ab during the chronic phase of the infection. Mice were sacrificed 1 wk after the course of treatment, and the parasite burden was measured (Fig. 7C) . The treatment had a dramatic curative effect in the Sd-infected mice, with 99% of parasites being cleared from the site. The treatment also reduced the parasite burden in the healing V1 lesions, as previously reported. In neither infection did the treatment result in sterile cure, though it is possible that more prolonged treatment, or treatment during more latent stage of infection with V1, might have produced the complete clearance of V1 achieved in the prior studies. The more effective clearance of parasites following anti-IL-10R treatment was associated in both groups with increased IFN-␥ and iNOS expression in the lesion, as measured by real-time PCR. However, it should be noted that the increased iNOS expression in the L. major Sd lesions was slight, and perhaps more importantly, the levels in the untreated Sd-infected mice were already high (Fig. 8) . Sd-infected mice were also depleted of CD25 ϩ cells during the chronic stage of the infection by treating with anti-CD25 Ab over a course of 2 wk, and analyzing the parasite load and immune response 1 wk following the last treatment. The anti-CD25-treated mice had a significant, 10-fold reduction in parasite number compared with the isotype controls (Fig. 9) , and slight increases in both IFN-␥ and iNOS-2 expression in the lesion, though again the levels of both transcripts were already high in the untreated mice.
Mice with nonhealing L. major Sd infection develop concomitant immunity to reinfection
Mice that developed nonhealing L. major Sd lesions at 14 wk were rechallenged in the contralateral ear with the Sd strain to determine whether protective immunity against reinfection had been generated during the primary infection. Despite the inability to heal the primary lesion, the rechallenge ears did not develop measurable pathology, and 8 wk after rechallenge they had a 10-fold reduction in parasite burden compared with naive-infected controls (Fig. 9) . Coinfection with the Sd and V1 strains using 1000 metacyclics in each ear did not compromise the ability of the mice to control and resolve the V1 lesions, again despite development of nonhealing Sd lesions in the contralateral ear (data not shown).
Discussion
Using low dose intradermal inoculation in conventionally resistant C57BL/6 mice, we have characterized the host immune response to a strain of L. major that produces a nonhealing phenotype. This occurs despite the development of a strong and polarized Th1 response, as measured by IFN-␥ production in the DLN as well as in the site of the infection, and the correspondingly low levels of IL-4 and IL-13 produced in these sites. In addition, the nonhealing phenotype developed despite normal recruitment of CD4 ϩ and CD8 ϩ lymphocytes, and despite high level induction of iNOS in the lesion, conditions that are collectively associated with effective control of L. major infection in the skin (2) . The possibility that the Sd strain is intrinsically more resistant to IFN-␥-mediated killing was addressed by determining the concentrations of IFN-␥ required to activate peritoneal macrophages for leishmanicidal capacity in vitro, and no significant difference compared with the V1 strain was observed. The non-cure phenotype seen in this model is clearly divergent from the BALB/c model of susceptibility, in which the infection is marked by a strong Th2 bias. The diseasepromoting cytokine that could be identified in this model is not IL-4, but IL-10, as indicated by the enhanced host resistance observed in Sd-infected IL-10 Ϫ/Ϫ B10 mice, or in B6 mice treated with anti-IL-10R Ab. CD4 ϩ CD25 ϩ regulatory T cells were also shown to play a role, as the in vivo depletion of CD25 ϩ cells promoted greater clearance of parasites from the skin. It is important to consider that the L. major BALB/c model has in general failed to adequately explain severe forms of clinical disease, which seem not to be associated with a Th1 response defect per se, but with concomitant expression of IL-10 (10, 11, (13) (14) (15) (16) (17) (18) (19) (20) (21) .
Although IL-10 and CD4 ϩ CD25 ϩ T cells are induced by L. major Sd and are required for the evolution of the nonhealing lesions, these responses also accompany the dermal infections with V1 that produce a healing phenotype in B6 mice. In this setting, IL-10 produced by naturally occurring regulatory T cells has been shown to prevent sterile cure, and the regulatory cells seem to function in equilibrium with Leishmania-specific effectors to establish and maintain latent infection in the skin (24) . Might the inability to heal the primary Sd lesion be the result of an imbalance in suppressor cells or cytokines in the inflammatory site? While IL-10 production and both IL-10 and Foxp3 mRNA were maintained at elevated levels in the nonhealing compared with the healing L. major lesions, at the critical earlier stage of infection, around wk 6, when the V1 parasites began to be effectively controlled, the inability of an equally potent Th1 response to clear the Sd parasites was not associated with increased IL-10 production or an increased frequency of CD4 ϩ CD25 ϩ T cells in the site. In fact, the most striking difference between the immune response induced by these two strains is the high level IFN-␥ production by cells from the DLN or ear lesions in the Sd-infected mice as early as 3 wk postchallenge, at a time when the Th1 response had yet to develop in the mice infected with V1. How this paradoxical finding relates to the evolution of the non-cure phenotype is not known. It is of course possible that additional suppressor factors other than IL-10 might accompany the early, elevated IFN-␥ response in the Sd mice to shift the balance in favor of parasite survival. One indication that the L. major Sd strain induces factors in addition to IL-10 that promote infection is the observation that a low level infection was maintained in the IL-10 Ϫ/Ϫ mice, whereas complete cure was achieved in the IL-10 Ϫ/Ϫ mice infected with V1, confirming our prior studies (4) .
Although IL-10 production may not be a sufficient condition for the evolution the non-cure phenotype, it nonetheless contributes in an essential way to this outcome, as indicated by the more effective clearance of the Sd strain in the IL-10-deficient and anti-IL-10R-treated mice. The source of the IL-10 induced by Sd infection is not clear from these studies. Depletion of the CD25 ϩ cells did not appreciably reduce the amount of IL-10 produced in the site (data not shown). Furthermore, the IL-10R blockade consistently promoted greater parasite clearance than did the CD25 ϩ cell depletion, suggesting alternative sources of IL-10. It has been shown that amastigote-infected macrophages produce IL-10 (28, 32), as do macrophages following Fc␥R ligation (22) , which in this context might involve anti-Leishmania Abs and released Ags. Keratinocytes are also known to produce IL-10 (13, 33), and their ability to do so in visceral leishmaniasis patients is associated with reactivation disease (postkala azar dermal leishmaniasis) (13) . It is interesting that in contrast to the IFN-␥ response, the IL-10 produced by the lesional cells was consistently at high levels in the absence of Ag restimulation, suggesting that non-Ag-specific sources of IL-10 are present in the inflammatory site. It is possible that differences in the frequency or activation state of these IL-10-producing cells, obscured by the quantitation of total IL-10, represent the critical difference between the V1 and Sd inflammatory sites. Autocrine IL-10 produced by infected macrophages is apt, for example, to be far more effective at deactivating infected cells than IL-10 produced by Treg. And although the quantitation of total iNOS in the lesion indicates a highly activated tissue environment, the deactivated tissue might be confined to the infected macrophages or other parasitized cells.
The nonhealing infections produced by L. major Sd in B6 mice mimics in some respects the pattern of susceptibility displayed by "resistant" mice infected with new world cutaneous Leishmania amazonensis strains and their related subspecies Leishmania mexicana (34, 35) . In fact, the L. amazonensis studies in resistant mice (C3H and C57BL/6) provided an early challenge to the role of IL-4 and Th2 polarization as a necessary condition for the evolution of nonhealing disseminating forms of leishmaniasis, as L. amazonensis-infected IL-4 knockout mice and anti-IL-4-treated mice still developed nonhealing lesions (35) . In contrast, results from two studies involving IL-10 knockout mice indicated a role for IL-10 in promoting parasite growth, since 1-2 log reductions were observed in the deficient mice (36, 37) . A critical difference between these non-cure phenotypes and the non-cure Sd infections reported here is that whereas the new world strains induced only low level IFN-␥ responses throughout infection, Sd elicits a strong sustained Th1 response.
We observed in our studies of L. major Sd infection in B6 mice that despite their inability to heal their primary lesion, when the animals were rechallenged in the contralateral ear, they were substantially protected. Thus the IL-10, Treg, and possibly other suppressive mechanisms that function within the primary inflammatory site to prevent effective clearance by Th1 cells do not inhibit the expression of Th1 effector activity in a naive re-challenge site. We have argued that the activation of Treg during infection provides a benefit to the host by not only controlling the severity of inflammation, but by promoting parasite persistence the Treg will indirectly maintain a memory pool necessary for resistance to reinfection (24) . Since Treg may be preferentially recruited to or expanded by signals that accumulate within inflamed tissue, they may not be able to home to naive rechallenge sites in sufficient time or numbers to suppress the expression of concomitant immunity.
The availability of a non-cure phenotype of L. major infection associated not with aberrant Th2 development but with ongoing Th1 responses rendered ineffective by an imbalance in homeostatic suppressive cells or cytokines may better reflect the mechanisms controlling non-curing forms of cutaneous visceral leishmaniasis in humans.
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